The objective of this paper is to develop a 2D Finite Elements (FEM) model to study and analyse an Electromagnetic Energy Recovery Damper (EERD) for road vehicles to quantify the electrical power output for various cycles of vibrations created by roads irregularities. The EERD transforms the kinetic energy due to vibrations to electrical energy. The developed model is based on the governing magnetic field equations expressed in terms of magnetic vector potential solved using the nodal-based finite element method and sequentially coupling between the electromagnetic and the mechanical equations obtained after modelling a quarter of the vehicle system. The coupling is carried out firstly through the magnetic force, and secondly by the modified flux distribution due to the moving part displacements simulated by the Macro-Element method. The cycles of vibrations are transmitted to the device as vertical displacements. The obtained results are mainly the electrical power output, the deflection, the magnetic force and the induced electromotive force, for considered cycles of vibrations.
Introduction
In recent years, many problems have been raised by extensive use of fossil energies leading to their high cost and may be their depletion. Therefore, alternative energies are essential, particularly for automotive applications. One of the most promising advanced technologies is hybrid and electric vehicles but until now their efficiencies remain weak; this requires the recovery of all the possible kinetic energies among which those of vibrations and to transform them to electrical energy in order to improve the efficiency of the vehicles. To achieve this, electromagnetic dampers are used principally in order to improve the comfort of the vehicles by compensating the inconvenience caused by road irregularities. In fact, their development is in constant evolution. Several authors have proposed different types. In [1] and [2] , these systems are based on rotary actuators; however the use of these devices requires motion converters which have many disadvantages. Now, research is focusing on the development of electromagnetic dampers using linear tubular topologies since they do not require a motion converter [3] [4] [5] [6] [7] .
In this work our objective is the presentation and the analysis of an electromagnetic damper named Energy Recovery Damper (EERD) which operates as a generator. The damper transforms the kinetic energy of vibrations caused by road irregularities into electrical energy to improve the efficiency of electrical or hybrid vehicles. This energy will be used to supply the electrical components of these vehicles or to restore the electrical energy to their batteries. The (EERD) is a permanent magnet (PM) linear machine with tubular form. The working magnetic field is created using permanent magnets mounted on the translator of the generator. The magnetic flux is changed by varying the magnetic field across the coil by moving the magnet relative to the coil. The permanent magnets are cylindrical with axial magnetization polarized length-wise, and are placed between the ferromagnetic cylindrical pole shoes which are used to guide the magnetic flux over the air gap into the stator. The magnets are placed on the mover support in such a way to make the magnetic polarities on the surface of the mover alternate in the axial direction.
The study and analyse of the EERD are carried out by the application of an electromagnetic -mechanical coupled model. This model is developed and implemented under Matlab environment. The magnetic field equation expressed in terms of Magnetic Vector Potential (MVP) in the case of two-dimensional cylindrical coordinates governing the electromagnetic device is solved using the Finite Element Method (FEM). The mechanical equation is given after modelling a quarter of vehicle [7] , [10] and solved numerically to get the displacements, the deflections and the velocities.
The electromagnetic and the mechanical equations are sequentially coupled through the magnetic force and the modified flux distribution due to the moving part displacement. The high accuracy required for taking into account the moving parts has led us to adopt the MacroElement (ME) method [11] , [12] . The ME technique is based on the analytical solution of Laplace equation in the unmeshed air-gap region which separates the meshed fixed and moving regions. The unmeshed air gap appears as a multi-nodes finite element, and therefore while the moving region displaces, only the node coordinates of the air-gap element are moved which permits to maintain unchanged the mesh topology at each displacement. Without any constrains on the mesh topology, the major advantages of the ME technique are the possibility to manage variable displacement steps which are obtained through the mechanical equation, allowing to accurately calculate the magnetic force.
The geometrical characteristics of the EERD are given by [8] and [9] . After modelling and application of the developed electromagnetic-mechanical model to study and analyse the EERD, the obtained results are mainly the electrical generated output power, the deflection, the magnetic force, the electromotive force, and the current. These results are obtained for various cycles of vibrations injected as vertical displacements.
Description of the EERD-Single Wheel System
The mechanical system represents a quarter of the road vehicle [7] , [10] (Figure1) is composed of two distinct masses. The sprung mass represents the mass of car chassis, and the unsprung mass represents the mass of the wheel with the suspension and brake equipment. The road position reference represents a cycle of vibration. The mechanical parameters are presented in Table 1 .The electromagnetic damper is a permanent magnet machine operating as a generator. The permanent magnets used are of NdFeB type axially magnetized. The geometrical and the study domain of the electromagnetic damper are presented in Figure 2 [1], [2] . Its dimensions and characteristics are detailed in Table 2 . (1), boundary conditions are necessary especially in the ME. Since the displacement is simulated by means of Macro Element, the connection between the fixed and the moved meshes is achieved through the MVP analytical expression at each node of the ME boundary. While the movement implicitly taken in charge by the considered ME frame, the current fed expression (1) associated to the Macro-Element technique is written in space discretised form using the Galerkine finite element method as follows: ME kk ME kj ME ki ME jk ME jj ME ji ME ik ME ij ME ii 
B. Electrical Circuit Model of the Electromagnetic Damper
The equivalent electrical circuit of the Electromagnetic Damper is shown in Figure 3 , where coil R and coil L are the resistance and inductance of the coil, and Load R as the external resistance characterising the energy regeneration. 
C. Mechanical Equation
The friction force of the electromagnetic damper can be neglected. Therefore, the dynamical equations of the suspension system (Figure 1) The Lorentz low is used to calculate the force exerted on the mover due to current flowing through the coils. The magnetic force is given by:
Where, l d r the tangential direction to the coil turns. Br is the magnetic flux density through the coil in the radial direction.
Results and discussion
Considering the axial symmetry of the EERD, the generator can be simplified to a 2D axial symmetry model in cylindrical coordinates. Only one fourth of the structure is studied. The homogeneous Dirichlet condition of the magnetic vector potential is imposed at the boundary ( ) ME Γ Γ − and at the symmetry axis. Figure 4 shows the finite element mesh associated to the Macro-Element of the solved domain. The finite element is considered as a first order triangular element. Figure 5 shows the magnetic flux lines due to the magnetic excitation. The variation of both radial and axial flux densities with position along the translator is shown in Figure 6 . Figure 7 and Figure 8 present comparison between the computed and the measured axial and radial flux densities at 3.8 mm above translator. Figure 8 shows the comparison between the computed and the measured radial flux density at 17.6 mm above the translator. The developed model is applied to study and to analyse the Electromagnetic Energy Recovery Damper. The permanent magnet is of NdFeB, its remnant flux density is 1.2 T and the relative permeability is unity. The steel magnetic permeability is considered as infinite [8] . Figure 9 and Figure10 show the assumed cycles of vibrations. These vibrations represent the input-road irregularities reference position r z versus time imposed to quantify the corresponding maximum output electrical power regeneration. The first cycle of vibrations has sinusoidal waveform with maximum amplitude of 0.02 m and the second has an arbitrary waveform with maximum amplitude of 0.03m.
Figure11 presents the deflection representing the differential position between the sprung and the unsprung mass for the considered cycle of vibrations. Figure 12 shows the magnetic force versus time corresponding to respectively the first and second cycle of vibrations. From the graphic, the magnetic force caused by the first cycle is larger compared to the second cycle. 
Conclusion
In this paper an electromagnetic energy recovery damper (EERD) for road vehicles has been presented. An electromagnetic-mechanical model is developed and implemented under Matlab and then applied to analyse the electromagnetic energy recovery damper. Through this model a quantification of the maximum output electrical power level for imposed various cycles of vibrations representing the roads irregularities is obtained. We notice that the level of the electrical power depends on the cycle of vibration wave forms and its amplitude. The electromagnetic energy recovery damper can be used as generator to improve the power and the efficiency of electrical vehicles. 
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